[1] We present 2 days' measurements of the hemispherical-directional reflectance factor (HDRF) of snow made at fine spectral and angular resolution with the Automated Spectro-Goniometer (ASG) for the range of solar zenith angles (q 0 = 40°-50°) and snow textures (surface grain size = 80-280 mm). Measurements of the stratigraphy of snow texture and density accompanied each day's suite of measurements. These measurements represent the most detailed available in terms of angular and spectral resolution. The HDRF for fine grain, faceted snow exhibited a local backscattering peak at the view zenith near the solar zenith angle, whereas those for medium grain, clustered snow did not have a local backscattering peak. The HDRF decreased at all wavelengths for an increase in grain radius from 80 mm to 280 mm. However, the decrease in HDRF in the visible wavelengths was largest at q r = 80°in the forward direction and largest for l > 1.8 mm near q r = 30°in the backward direction. As solar zenith angle decreased from 47°to 41°, the HDRF increased near nadir for l 1.03 mm but decreased with coherent angular structure for l > 1.03 mm. We compared forward radiative transfer modeling results with the HDRF measurements. The forward model used single-scattering parameters for ice spheres with radii that matched the surface-area-to-volume ratio derived from stereological analysis of snow samples and a stratigraphic distribution of optical depths from measured density and modeled extinction efficiency. All HDRF models underestimated reflectance for l > 1.30 mm and had large absolute errors in the perpendicular plane. Mean absolute RMS errors in reflectance for the fine grain, faceted snow case were 0.09 at l = 1.3 mm and 0.14 at l = 1.85 mm. Mean absolute RMS errors for the medium grain, clustered snow were 0.04-0.06 at l = 1.3 mm and 0.04-0.06 at l = 1.85 mm. The models for the more spherical medium grain snow had better overall spectral and angular fits than those for the nonspherical fine grain snow. The spherical radii inferred from the surface-area-to-volume ratio from stereological analysis of snow with nonspherical particles have a greater effective path length than the actual snow particles, resulting in underestimates of hemispherical-directional reflectance. 
Introduction
[2] Improvement of quantitative retrievals of snow physical properties from remote sensing requires knowledge of the spectral and angular structure of snow's hemispherical-directional reflectance distribution function. Models for subpixel snow covered area, grain size, albedo, and liquid water content invert directional reflectance data from multispectral and hyperspectral remote sensing platforms and field measurements [Davis et al., 1993; Green et al., 2002; Jin and Simpson, 2001; Nolin and Dozier, 2000; Painter et al., 2003a Painter et al., , 1998 ]. A comprehensive knowledge of the hemispherical-directional reflectance of snow allows us to evaluate the range of validity for those models that do not incorporate directional reflectance information or topographic correction and will improve efforts to incorporate directional reflectance into retrievals.
[3] Several investigators have documented portions of the hemispherical-directional reflectance of smooth snow at the macroscale [Aoki et al., 2000; Dozier et al., 1988; Kuhn, 1985; Leroux et al., 1998a; O'Brien and Munis, 1975; Steffen, 1987] , giving us a coarse understanding of its structure and dependencies. Others have investigated the effect of macro-scale surface roughness (e.g., sastrugi) on the directional reflectance of snow through field measurements and modeling [Leroux and Fily, 1998; Warren et al., 1998 ]. Table 1 shows the spectral and angular sampling spaces for the experiments above that addressed hemispherical-directional reflectance of smooth snow at the macroscale. Dozier et al. [1988] gave the most comprehensive characterization of the BRDF of snow, but the spectrometer they used was sensitive only for l < 1.0 mm.
From other work, we know that the HDRF of snow is most anisotropic at l > 1.0 mm.
[4] In this work, we present spectroscopic measurements of the hemispherical-directional reflectance factor of snow at 10°angular resolutions in the view zenith and azimuth made with the Automated Spectro-Goniometer [Painter et al., 2003b] . The HDRF of snow is controlled by the following parameters: snow texture, grain morphology, solar zenith angle, liquid water content, impurity concentration, and surface roughness. The measurements presented here address sensitivities of the snow HDRF to snow texture, snow morphology, and solar zenith angle, explored at high angular and spectral resolutions. We then present modeling results of the HDRF with a discrete-ordinates radiative transfer model [Stamnes et al., 1988] based on measurements of the snow texture from stereological analysis of samples.
Methods

Site
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Hemispherical-Directional Reflectance Factor
[6] The Automated Spectro-Goniometer (Figure 2 ) is a spherical robot designed for fine resolution measurements of directional reflectance from smooth surfaces such as snow and desert [Painter et al., 2003b] . The ASG robotic arm places the optic cable of an Analytical Spectral Devices FieldSpec FR (ASD-FR) field spectroradiometer (Analytical Spectral Devices, Inc., 2003) at each node on 1°, 10°, or 15°a ngular grids over a target. The measurements presented here were collected on the 10°grid.
[7] The ASD-FR measures reflected radiance from a near-perfectly Lambertian Spectralon panel (Labsphere, Incorporated (X-Rite Incorporated), 2003) and then the snow target. It samples reflected radiance in the wavelength range 0.35 l 2.5 mm at spectral resolution 0.003 -0.010 mm. [8] We present the data in terms of the HDRF, which is given by the following relationship:
where L l is the radiance reflected from the surface into reflectance zenith and azimuth angles q r , f r given direct irradiance E 0,l at incident zenith and azimuth angles q 0 , f 0 and anisotropic diffuse irradiance E d,l [Nicodemus et al., 1977] .
Spectral Atmospheric Optical Depth
[9] We used a Reagan Sun photometer [Reagan et al., 1992] to characterize the atmospheric optical depth for ASG acquisitions. The Sun photometer has a 10-channel parallel coaligned field-of-view tube with a 3.2°field-of-view. The Sun photometer collected voltage measurements once per minute at the following wavelengths: 0.382, 0.41, 0.501, The characteristic morphology on 23 February was the rounded remnant of the original dendritic forms with a high surface-area-to-volume ratio. The characteristic morphology on 13 March was the grain cluster formed through meltfreeze cycling. Grain clusters have a lower surface-area-tovolume ratio than the remnant dendritic forms. 611, 0.669, 0.721, 0.78, 0.872, 0.94 , and 1.03 mm with spectral full-width half-maxima of 0.008 -0.012 mm. We used the Langley method to calculate spectral atmospheric optical depth [Stephens, 1994] based on near-constant instantaneous optical depths throughout the acquisitions periods.
Snowpack Characterization
[10] For each suite of acquisitions, we sampled a snow pit immediately adjacent to the snow target and collected snow samples from the target for characterization of snow grain size and snow grain morphology.
Snow Pit Analysis
[11] We sampled each snow pit for density and temperature. Density was measured with a 250 ml snow cutter for depths 0 -1 and 1 -2 cm, a 500 ml snow cutter for depths 2 -5, 5 -8, and 8 -11 cm, and a 1000 ml snow cutter for depths 11 -21, 21 -31, and 31-41 cm. The snowfields addressed in this research were selected for their macroscale smoothness (Figure 2 ), and we do not address microscale surface roughness effects here. Mishchenko et al. [1999] suggest that snow macroscale effects should be significant for directional reflectance but do not explicitly address milliscale effects. Other investigators have documented the effects of macroscale surface roughness but the effects of microscale snow roughness remain unstudied [Leroux and Fily, 1998; Warren et al., 1998 ]. Warren [1982] indicates that surface roughness of >10 cm amplitude to reduce visible albedo but that smaller irregularities can affect nearinfrared albedo. Further work should address these effects, particularly in the case of directional reflectance versus albedo.
Stereological Analysis for Snow Grain Size
[12] We performed stereological analysis of snow grain size using the techniques described by Davis et al. [1987b] . Figure 8 . HDRF spectra from the F1 ASG acquisition (q 0 = 47°, surface grain size = 80 mm) for all view zenith angles at view azimuth angles 0°, 90°, and 180°. The spectrum for q r = 50°, f r = 180°is much lower due to occlusion of the Sun by the ASG foreoptic. Figure 9 . HDRF spectra from the M1 ASG acquisition (q 0 = 47°, surface grain size = 284 mm) with the same geometries as given in Figure 8 .
Snow samples were collected from the target for depths 0 -10 cm, 10-20 cm, and 20-30 cm. We then transported these samples to a cold room at the nearby Sierra Nevada Aquatic Research Laboratory (Mammoth Lakes, CA). The samples were stored for transit in an electric cooler that had been prepared with snow stored at À10°C and kept insulated in a snow pit near the target site.
[13] We filled the pore space of these samples with liquid dimethylphthalate, supercooled to À10°C. Once frozen, the samples were then halved with a saw, cutting in a cross-sectional plane. One half was returned to storage in a freezer while the other half was mounted on a steel plate that was thread-mounted to a sledge microtome. We then shaved each sample with the microtome to a smooth surface. The sample sublimated over a 48-hour period, leaving a dimpled surface where the dimples represented the ice volume. Dimples were filled with powder copier toner and the sample was subsequently shaved with the microtome, leaving a surface of white (pores) and black (ice). With a digital camera in macromode, we photographed a 2mm grid and each sample in 2 cm intervals. We then analyzed the photographs for the sphere radius with the surface-area-to-volume ratio determined with the stereological relationships [Davis et al., 1987b] .
[14] While the stratigraphy of grain size can affect the albedo of snow, it is generally only the surface layer ($1 cm depending on snow grain size and shape) that affects the anisotropy of the HDRF. Penetration depths for l > 1.0 mm are on the order of 1 cm or less and the HDRF becomes increasingly controlled by single scattering in this layer because the single scattering albedo drops to order 0.9. At shorter wavelengths, the penetration depth is on the order of tens of centimeters (the single scattering albedo is $0.999), and therefore the HDRF is more diffuse, largely independent of grain size and morphology. Nevertheless, we include measurements of the snow stratigraphy of grain size and morphology for completeness and future studies.
HDRF Modeling
[15] Many studies have investigated the modeling of snow directional reflectance [Aoki et al., 2000; Leroux et al., 1998b; Mishchenko et al., 1999; Warren et al., 1998 ]. Nolin and Liang [2000] presented a thorough review of many of these works and their associated assumptions and techniques.
[16] Several authors have suggested that a snow layer or cloud of ice spheres with the same surface-area-tovolume ratio (SVR) as the nonspherical particles in the natural snow or clouds would have the same reflected and transmitted flux [Dozier, 1989; Grenfell and Warren, 1999] . However, most suggest that the equivalent SVR does not provide accurate results in the case of intensity or hemispherical-directional reflectance [Neshyba et al., 2003] . With the data collected by the ASG and the snow texture stratigraphy, we compared the SVR model results with measurements.
[17] We modeled each ASG acquisition by a multilayer discrete-ordinates forward calculation [Stamnes et al., 1988] with 20 streams. Single scattering properties for each 2 cm layer were calculated with the Mie theory [Mie, 1908] using a quasi-monodispersion of spheres of the radii derived from stereological analysis of the snow samples. We used standard Mie scattering code (MIEV0.f) and discrete ordinates code (DISORT) that are distributed by Warren Wiscombe at the Goddard Space Flight Center via the World Wide Web. The optical depth for each 2 cm layer came from the following relationship using snow density measured in the field and the extinction efficiency Q ext modeled in the single scattering calculations
where r s is the snow density (kg m
À3
), d is the snow depth (m), r i is the density of ice (kg m À3 ), and r is the effective particle radius (m).
[18] Warren [1982] and Wiscombe and Warren [1980] indicate that interparticle near-field effects are insignificant when modeling the albedo of snow for densities . However, Wiscombe and Warren [1980] showed that the asymmetry parameter g increases significantly while the single-scattering albedo remains unchanged with an increase in snow density to 500 kg m
. In turn, snow directional reflectance could be affected at these higher densities. The work presented here though does not address density effects on directional reflectance and the effects of density on the measurements presented should be insignificant given that densities were all less than 400 kg m À3 (section 3.2 below).
[19] The discrete ordinates method is one of three modeling approaches considered to be exact solutions to the radiative transfer equation for particulate layers with macroscopically flat surfaces, the others being the adding-doubling and the spherical-harmonic methods [Mishchenko et al., 1999; Thomas and Stamnes, 1999] . The discrete ordinates method was introduced by Wick [1943] and furthered developed by Chandrasekhar [1960] . The discrete-ordinates method has been used for modeling the HDRF of snow in many cases [Fily et al., 1997; Jin and Simpson, 1999; Nolin and Stroeve, 1999] , atmospheric radiation [Conant et al., 1997; DuFresne et al., 2002] , and cloud radiation [Ricchiazzi et al., 1995] . The DISORT code is a subroutine used for directional reflectance enhancements in the Air Force Research Laboratory MODerate resolution TRANSsmittance (MODTRAN 4) atmospheric radiation model [Berk et al., 1999] .
Results
HDRF Acquisition Set
[20] The acquisition set from the ASG consists of one scan for fine-grain snow on 23 February 2001 and two scans for medium-grain snow on 13 March 2001. Herein, we will refer to the 23 February acquisition as F1 and the two 13 March acquisitions as M1 and M2. The respective solar ephemerides for these acquisitions are shown in Table 2 . [21] These samples represent only a subset of the variable space that controls the HDRF of snow. That variable space is spanned by grain size, grain morphology, solar zenith angle, diffuse to direct irradiance, liquid water content, impurity concentration, and surface roughness. The measurements presented here represent the most detailed available in terms of spectral and angular resolution. The particular acquisitions facilitate the investigation of the sensitivity of the HDRF of snow to changes in grain size, grain shape, and solar zenith angle.
Snowpack Characterization
[22] Figure 3 shows the density profiles for the snow pits sampled on 23 February and 13 March. In Figure 4 , we present plane section images for the snow surfaces on 23 February and 13 March. Figure 5 shows the grain size profiles as determined with stereological analysis of the snow samples. Snow grain shapes on 23 February consisted primarily of slightly rounded remnants of the original plates and dendritic forms (Figure 6a ). On 13 March, surface grains were primarily grain clusters formed through melt-freeze cycling (Figure 6b ).
[23] On 23 February, density decreased from 200 kg/m 3 near the surface to 130 -150 kg/m 3 at 2 -11 cm depth and increased to greater than 300 kg/m 3 between 31 and 41 cm depth (Figure 3 ). This snowpack had increased in density over 2 days since a large snowfall with density $80-100 kg/m 3 . On 13 March, density decreased from 380 kg/m 3 in the top 2 cm to 180 kg/m 3 between 8 and 11 cm and then increased to $250 kg/m 3 in the 21-31 cm layer. Liquid water from surface melting in the top 2 cm had increased the density by forming grain clusters and accelerating settling. 13 March came a few days into a period of above normal air temperatures and clear skies that lasted through the remainder of March. Therefore surface layers exhibited greater densification while deeper layers had not yet densified appreciably.
[24] On both dates, the snow temperature was less than 0°C at the time of acquisition, indicating that no liquid water was present during the acquisition. Liquid water in the surface layers of snow contributes to deepening and broadening of the ice absorption features, particularly those at 1.03 mm and 1.26 mm. The impact of liquid water on directional reflectance of snow has not been investigated.
[25] The stratigraphy of grain size exhibited a similar time series ( Figure 5 ). Grain size on 23 February was relatively constant with depth, increasing slightly from $70 mm at depths 0 -16 cm to $125 mm at 18-20 cm. The entire snowpack (52 cm) came from consecutive storms separated by cold temperatures and slow grain growth. Grain size on 13 March showed greater scatter and values up to 284 mm in the top 5 cm. Between depths of 10 and 18 cm, grain size ranged from 100 to 210 mm and between depths of 20 and 30 cm, the grain size decreased to a range of 65 to 95 mm. The stratigraphy on 13 March exhibits the same response to warm temperatures and full insolation as that by the stratigraphy of density.
Atmospheric Optical Depth
[26] Figure 7 shows the Langley derived spectral optical depths for the 13 March 2001 acquisitions. The Sun photometer was not available for the 23 February acquisition. Instantaneous total optical depths (not shown) during the 13 March acquisition were constant through the day, indicating that atmospheric conditions remained constant.
HDRF Relative to View Azimuth
[27] Figures 8, 9 , and 10 show the HDRF spectra for all view zenith angles for view azimuths 0°, 90°, and 180°for the F1, M1, and M2 ASG acquisitions, respectively. Bad data existed at (q r = 40°, 70°; f r = 0°), at the occultation geometry in the F1 data, and at the occultation geometry in the M2 data. The occultation geometry is the view zenith and azimuth angles that match those of the Sun, in which case the foreoptic and mount cast a shadow on the target. All HDRF spectra exhibit noise near l = 1.85 mm and 2.5 mm that comes from the low signal to noise in these water vapor absorption features.
[28] The F1 HDRF spectra show a small local backscattering reflectance peak at q r ffi 40° (Figure 8 ). The M1 and M2 HDRF spectra do not show this peak. Steffen [1987] observed this backscattering peak near the solar zenith in the shorter wavelength band 0.5 mm l 0.6 mm. While it has similar hemispherical-directional structure as the retro-solar reflectance peak for vegetation (the 'hot spot'), the mechanism may be considered differently. The vegetation hot spot is due to the absence of shadowed surface in the field-of-view [Schönermark et al., 2004] , whereas for snow the retro-solar peak, if present, is primarily due to local peaks in the single-scattering phase function associated with greater faceting on the snow grains [Leroux et al., 1998a; Mishchenko et al., 1999; Warren, 1982] . Mishchenko et al. [1999] showed a backscattering peak at the retro-solar geometry for hexagonally faceted grains which they attribute to the local peak in the backward angles of the single-scattering phase function. [29] The F1 data show high reflectance that is consistent with the fine grain size (Figure 8) . HDRF exhibited the largest zenithal increase in the forward half of the solar principal plane (f r = 0°). The HDRF in the perpendicular plane (f r = 90°) exhibited a small, monotonic zenithal decrease at wavelengths l 0.98 mm and a small monotonic zenithal increase that increased with wavelength at wavelengths l ! 0.98 mm. In the backscattering half of the solar principal plane (f r = 180°), the HDRF exhibited a larger monotonic zenithal decrease at l 0.98 mm and little change at other wavelengths. However, the slight backscattering peak at q r = 40°occurred at all wavelengths, but more prominently for l > 0.8 mm where the contribution of single scattering to total reflectance increases.
[30] M1 and M2 show lower reflectance than that for F1, consistent with the measured increase in grain size (Figures 9 and 10) . The HDRF for f r = 0°increased monotonically at all wavelengths but with lower reflectance than in the F1 data. HDRF in the perpendicular plane decreased slightly for l 0.86 mm and increased for l ! 0.86 mm. For f r = 180°, the HDRF decreased with zenith angle for l 0.97 mm and increased with zenith angle at longer wavelengths.
[31] The M1 and M2 data (q 0 = 41°) had only subtle differences (Figures 9 and 10) , as one would expect given that the difference in solar zenith angle between the two was 6°. M2 had a smaller increase in HDRF with increasing view zenith across the spectrum for f r = 0°. In the perpendicular plane, M2 had a larger zenithal decrease for l 0.95 mm and a smaller zenithal increase for l ! 0.95 mm. For f r = 180°, M2 had a larger zenithal decrease for l 1.17 mm and remained nearly unchanged for l ! 1.17 mm. The outlier Figure 14 . Polar plots of the ratio HDRF M1 /HDRF F1 at the wavelengths 0.55, 0.85, 1.03, 1.30, 1.80, and 2.25 mm. These data show the change in HDRF with an increase of particle size from 80 mm (F1) to 284 mm (M1). spectrum in the backscattering half of the principal plane at q r = 40°was an artifact of occultation of the Sun by the goniometer. In section 3.7, we will show that forward reflectance increased with the 6°increase in solar zenith angle.
Angular Structure of the HDRF Relative to Wavelength
[32] Figures 11, 12 , and 13 show the polar plots of the HDRF for six wavelengths across the spectrum for the respective ASG acquisitions. These figures show the angular structure of the hemispherical-directional reflectance factor.
[33] In all acquisitions, the HDRF structure drifted from convex about the forward half of the solar principal plane (f r = 0°) at shorter wavelengths to concave with respect to the forward direction. The concave structure develops because at longer wavelengths, the single-scattering coalbedo (absorption) is greater and the contribution of single scattering to the intensity of reflected radiation increases significantly. The angular structure of the HDRF at longer wavelengths, where single scattering dominates, should mimic the mapping of the phase function, at an oblique incidence, into the view hemisphere. Warren [1982] described the intersection of the scattering phase function with the surface in detail.
[34] The magnitudes of HDRF for the M1 and M2 acquisitions were lower than those for the F1 acquisition, consistent with the larger grain sizes on 13 March. The M1 data (q 0 = 47°) exhibited higher HDRF values and greater forward reflectance anisotropy than the M2 data (q 0 = 41°), consistent with the larger solar zenith angle. The structure of the F1 data remained slightly convex at wavelengths up through 1.03 mm, whereas the structure of the M1 and M2 data became concave at 1.03 mm.
HDRF Relative to Snow Texture
[35] The F1 and M1 data both had solar zenith angles of 47°but surface grain sizes from stereological analysis of Figure 15 . Cross-sections of solar principal plane from backscattering (q r = À80) to forward scattering (q r = 80) for the F1 data, M1 data, and the ratio HDRF M1 /HDRF F1 . 80 mm and 284 mm, respectively. A ratio of the two data sets demonstrates the sensitivity of the HDRF to grain size ( Figure 14) . The HDRF for F1 at all wavelengths was generally higher than that for M1 because F1 had the finer grain size. As wavelength increased, HDRF M1 /HDRF F1 (the spectral ratio of the HDRF for M1 with the HDRF for F1) decreased in magnitude. This decrease is due to the increase in single-scattering coalbedo with grain size. The angular distribution of HDRF M1 /HDRF F1 transitions with increasing wavelength from higher values in backscattering angles than forward angles to higher values in forward angles than at backscattering angles. At l = 0.55 mm, HDRF M1 /HDRF F1 decreased from $1.05 in the backscattering angles to $0.9 in the forward angles. At l = 0.85 mm, HDRF M1 /HDRF F1 was near uniform across all angles with a slight decrease in the forward angles. At l = 1.03 mm, HDRF M1 /HDRF F1 had little small azimuthal dependence. However, backscattering HDRF M1 /HDRF F1 was $0.03 less than the HDRF for analogous angles in the forward direction. HDRF M1 / HDRF F1 at l > 1.30 mm had increasing azimuthal dependence with an increasing trend with higher values in the forward scattering angles than in the backscattering angles. For these data, the wavelength for which HDRF M1 /HDRF F1 was isotropic lay in the range 0.85 mm l 1.03 mm.
[36] The dynamics of the single-scattering coalbedo and scattering phase function together explain this trend. As wavelength increases, the single-scattering coalbedo and the asymmetry parameter increase. Likewise, both increase with increasing particle size. At shorter wavelengths, multiple scattering dominates and at longer wavelengths, single scattering dominates.
[37] Therefore, at shorter wavelengths, multiple scattering with near-forward events has a strong contribution to the forward reflectance peak of the HDRF. With an increase in particle size, the single-scattering coalbedo increases (absorption increases) slightly and the asymmetry parameter increases, driving scattered photons deeper into the snowpack. The increase in particle size then decreases the forward reflectance peak while leaving the remainder of the reflectance distribution unchanged. At longer wavelengths (l > 1.2 mm), single scattering begins to dominate the contribution to reflectance and thus the angular distribution becomes dominated by forward reflectance. More scattering events are required to redirect photons to near-complete backscattering (q r ffi 47°± 10°, f r ffi 180°) when the particle is a strong forward scatterer. Therefore the increase in the single-scattering coalbedo with increasing particle size decreases the probability that a photon would survive the scattering events required for redirection to backscattering. This process explains the minimum in the HDRF M1 /HDRF F1 centered about the view zenith angle that matches the solar zenith angle in the backscattering direction. In Figure 15 , the profiles of HDRF F1 , HDRF M1 , and HDRF M1 /HDRF F1 in the solar principal plane indicate the trend seen in Figure 14 .
HDRF Relative to Solar Zenith Angle
[38] The M1 and M2 data had solar zenith angles of 47°a nd 41°, respectively, for the same snowpack. A comparison of the two data sets demonstrates the sensitivity of the HDRF to solar zenith angle (Figure 16 [39] The angular distribution of HDRF M2 /HDRF M1 changed from azimuthally independent at l = 0.55 mm to higher in the forward direction with a local maximum about the nadir point for l ! 1.3 mm. At l = 0.55 mm, most of the angular domain lay above 1.0. The distribution was slightly skewed with more of the large view zenith angles in the forward direction lying just below 1.0. At l = 0.85 mm, the cap of HDRF M2 /HDRF M1 lying above 1.0 spanned to q r = 60°in the backward half of the principal plane and to q r = 40°in the forward half of the principal plane. For l ! 1.30 mm, the angular distribution of HDRF M2 /HDRF M1 had distinct local maxima at q r > 45°in the forward half of the principal plane and in a complex structure centered at q r = 10°in the backward half of the principal plane. The range of HDRF M2 /HDRF M1 increased with wavelength.
[40] Whereas the change in HDRF with grain size derived largely from the change in the single-scattering coalbedo, Figure 17 . Cross-sections of solar principal plane from backscattering (q r = À80) to forward scattering (q r = 80) for the M1 data, M2 data, and the ratio HDRF M2 /HDRF M1 . the change in HDRF with solar zenith comes from the change in the orientation of the phase function. The phase function of nonspherical particles frequently has a predominant narrow forward scattering peak (Q ffi 0°) and a broad backscattering peak (Q ffi 180°) that is several orders of magnitude smaller. In the visible wavelengths, the decrease in solar zenith angle orients the backscattering peak closer to nadir. Therefore the near-nadir HDRF will increase due to enhanced single scattering into the near-nadir directions. As wavelength increases, the backscattering peak remains in the phase function but at one order of magnitude smaller relative contribution. At the longer wavelengths, single scattering dominates and the overlapping regions in the phase functions that have significant single-scattering intensities will contribute to the HDRF. In this case, the overlaps in the backscattering peaks and in the tails of the forward scattering peaks of the two differently oriented phase functions correspond to the peaks in HDRF M2 / HDRF M1 in the backscattering angles and the large forward angles, respectively.
[41] Figure 17 shows the profiles of the HDRF M1 , HDRF M2 , and HDRF M2 /HDRF M1 in the solar principal plane. These profiles show the trend discussed above.
Comparison With HDRF Forward Modeling 3.8.1. Spectral Comparison
[42] Figure 18 shows the 23 February ASG measurements and associated forward modeling results for q r = 30°, 60°and f r = 0°, 90°, and 180°. Figures 19 and 20 show the measurements and the associated modeling results for the two 13 March acquisitions. Table 3 shows the range of absolute errors, mean absolute errors, and the root mean squared absolute error for the wavelengths 0.55, 0.85, 1.03, 1.30, 1.80, and 2.25 mm.
[43] The forward model consistently underestimated the snow hemispherical-directional reflectance factor in the F1 data set, particularly for l > 1.2 mm (Figure 18 ). The nadir HDRF spectrum showed better agreement between measurement and model. At nadir and in the backscattering half of the principal plane, the model and measurements differed Figure 18 . Comparison of ASG measurements (solid) and DISORT forward modeling results (dashed) for 23 February (q 0 = 47°). The nadir HDRF spectra (q r = 0°, f r = 0°) for the ASG and DISORT forward modeling are shown in bold in the upper right plot (q r = 60°, f r = 0°) for comparison.
by less than 0.01 across the 1.03 mm absorption feature. This result is important given that this wavelength range is frequently used in the inversion for grain size [Green, 2003; Nolin and Dozier, 2000] .
[44] Model results more closely matched the M1 and M2 HDRF data (Figures 19 and 20) . As with the F1 data, the forward model consistently underestimated the measured HDRF at all view angles for l > 1.2 mm. However, the magnitudes of the average absolute error over the angular domain in this wavelength range were smaller for M1 and M2. The forward model for M1 and M2 overestimated the HDRF for l < 1.2 mm over much of the angular domain. In addition to geometric issues, the overestimate could be due to impurities in the snowpack that we did not include in the modeling.
[45] Figure 21 shows the spectral residuals (absolute errors) for the F1, M1, and M2 model comparisons. These data show that the forward model for F1 underestimates the measured HDRF at all wavelengths. For the M1 and M2 data, the forward models were within ±0.05 at most view geometries and more closely modeled than the F1 data.
[46] The underestimate by the forward model for l > 1.2 mm at all view geometries suggests that either the estimate of snow particle size from stereological analysis was too large and/or that the phase function for spheres is sufficiently different from the nonspherical particles found in the snowpack.
Angular Comparison
[47] Figure 22 shows the angular distribution of the ratio of 23 February ASG measurements with forward modeling results for wavelengths 0.55, 0.85, 1.03, 1.30, 1.80, and 2.25 mm. Figures 23 and 24 show the angular distributions of the ratios for the two 13 March acquisitions at the same wavelengths.
[48] The angular distribution of the absolute error between the forward model and the F1 ASG measurements had a broad maximum in the backscattering angles, a narrow maximum at the largest view zeniths in the forward Figure 19 . Comparison of ASG measurements (solid) and DISORT forward modeling results (dashed) for the first 13 March (M1) acquisition (q 0 = 47°). The nadir HDRF spectra (q r = 0°, f r = 0°) for the ASG and DISORT forward modeling are shown in bold in the upper right plot (q r = 60°, f r = 0°) for comparison. direction, and a broad minimum at the largest view zeniths for f r = 30-150° (Table 3) . For the view geometries sampled by an imaging spectrometer over rough terrain, $q r 60°, the absolute errors at l = 1.03 mm had an RMS of 0.046.
[49] The absolute errors in the M1 modeling exhibited a similar angular structure to those in the F1 modeling but with smaller magnitude errors (Table 3) . However, most of the angular domain was closer to 0.0 for the M1 data than the F1 data at all wavelengths. For q r 60°, the modeling errors at l = 1.03 mm had an RMS of 0.045.
[50] The angular distribution of absolute errors in the M2 modeling had the maximum in the backscattering angles and the minimum in the perpendicular plane but lacked the narrow maximum in the forward direction. For all wavelengths, the M2 modeling had lower magnitude errors than F1 and M1 (Table 3) . For q r 60°, the modeling absolute errors at l = 1.03 mm had an RMS of 0.052. The forward model generally underestimated measured HDRF at l > 1.2 mm and strongly underestimated measured HDRF for q r > 60°in the perpendicular plane for l 1.3 mm. The angular structure of absolute errors suggests that the phase functions of spheres used in the forward models do not match those of the irregularly shaped particles found in the snowpack. The lack of the forward maximum in the modeling errors for M2 in which the solar zenith angle was closer to nadir reinforces the hypothesis that the angular structure was due to the phase function mismatch.
[51] In Figure 25 , we show the ratio of the measurements to the DISORT modeling results with the same configuration as Figure 6 (right column) of Mishchenko et al. [1999] . The right column of their Figure 6 shows the ratio of model results for hexagonal snow crystals over spherical snow crystals, with peak ratios in the side scattered plane, indicating that the HDRF is a factor of 1.5 greater for hexagonal particles than spherical particles, consistent with our comparisons of measurements with DISORT spherical particles (Figure 25) .
[52] The increase in magnitude of underestimate of HDRF with wavelength shows that the spheres with the same surface-area-to-volume ratio as that determined from stereology had a greater absorbing path length. It is possible that the stratigraphic resolution was too coarse to resolve finer grain sizes near the surface. However, the estimate of sphere radius from the surface-area-to-volume ratio derived from stereological analysis necessarily overestimates the volume if the sample particles are nonspherical. A sphere has the minimum surface area for a given volume, whereas nonspherical particles will have a larger surface area for the same volume. The nonspherical particles will intersect a plane with a surface density that, when assumed to be that of spheres, overestimates volume.
[53] Additional error in using the sphere determined from stereological analysis may come from fractal sensitivity to magnification [Davis et al., 1987a] . Davis et al. demonstrated that retrieved surface density increased with increasing imaging magnification while the retrieved volume did not change. Because the images used in the stereological analysis in this work had a magnification of 1x, the retrieved surface density was relatively low compared with the volume giving a relatively large sphere radius. Therefore an optimal magnification may exist that would give a larger surface density and in turn the smaller sphere radius necessary to better model hemispherical-directional reflectance.
[54] While decreasing the sphere radius would improve the magnitude of the modeled HDRF, the angular distribution for snow of nonspherical particles would still be in error because the scattering phase functions of spheres are significantly different from those of nonspherical particles [Leroux et al., 1998a] . The closer modeling results for the M1 and M2 data, which had more spherical grains, with respect to magnitude and angular distribution are consistent with these arguments.
Conclusions
[55] We presented measurements at high spectral and angular resolution of the hemispherical-directional reflectance factor of snow. Measurements were made on two dates for fine grain and medium grain snow at solar zeniths 41°-47°. The HDRF spectra for fine grain snow had a small backscattering peak at q r = 50°, whereas the HDRF distributions for medium grain snow did not. The fine grain snow had remnants of the original dendritic morphology that can have a single-scattering phase function with a significant backscattering peak. The backscattering peak in the phase function then produces a retro-solar reflectance peak. The medium grain snow consisted mostly of grain clusters that lack the backscattering peak in the phase function.
[56] Analysis of the sensitivity of the HDRF to snow texture showed that the HDRF decreased at all view angles with increasing grain size. However, the decrease in HDRF was accompanied by a monotonic trend with wavelength, decreasing more at large forward reflectance angles in the visible wavelengths to decreasing more near q r = 20-30°in the backscattering direction for l ! 1.30 mm.
[57] Analysis of the sensitivity of the HDRF to solar zenith angle showed that for a change of solar zenith from 47°to 41°and l < 1.03 mm, the HDRF increased in a zenithal range around nadir that decreased with increasing wavelength. For l > 1.03 mm, the HDRF decreased more with increasing wavelength with the greatest decreases at increasing view zenith for all f r = 90-180°and at q r = 40-50°for f r = 0°.
[58] We compared the results from a radiative transfer model of snow HDRF with the measurements. The model study used the stratigraphy of sphere radii inferred from stereology to drive calculations of single-scattering parameters that in turn drove the discrete-ordinates calculation of the HDRF. In each case, the forward model underestimated the HDRF for l ! 1.3 mm and had large absolute errors in the perpendicular plane. However, the models for the medium grain snow had smaller absolute errors in the spectral and angular domain than the fine grain snow.
[59] The errors in the spectral and angular domains were most likely due to the effect of snow particle morphology on the inference of particle size from stereological analysis and on the shape of the single-scattering phase function. Stereological analysis infers a larger absorbing volume for snow particles by assuming a spherical shape when the true particle shapes have large aspect ratios, such as those found in the fine grain snow. The larger particle volume gives a greater path length for absorption leading to an underestimate of the snow HDRF.
[60] Other investigators [Leroux et al., 1998a; Liou, 1980; Mishchenko et al., 1999] have demonstrated the effect of morphology on the single-scattering phase function and multiple scattering results. The angular distribution of modeling errors indicates a mismatch of phase functions that is consistent with the difference between spheres and nonspherical particles. Likewise, the smaller errors in the angular distributions for the medium grain size snow are consistent with the finding of more spherical grain clusters.
[61] Further work will investigate the HDRF under a larger range of solar zenith angles and for a larger range of particle sizes and morphologies. A thorough investigation of the relationship between the variables retrieved with stereological analysis (surface density, volume density, etc.) and the true particle shape, size, and size distribution is also needed.
[62] Ultimately these results will improve the radiative transfer modeling of snow in its range of parameters in terms of grain size, grain morphology, solar zenith angle, liquid water content, impurity concentration, and surface roughness. The improved modeling will further improve incorporation of directional reflectance into remote sensing retrievals, atmospheric radiative transfer modeling, and climate modeling. Figure 6 in Mishchenko et al. [1999] , showing the near-identical angular distribution for their model results for hexagonal particles versus spherical particles. The geometry of this polar plot is different from previous figures in the present paper in that the radial distance represents the cosine of the view zenith angle rather than the zenith angle itself. This geometry is the same as used in Mishchenko et al. [1999] .
